This paper investigates the hygrothermal effects on the failure mechanisms in bending of carbon fibre reinforced polymer (CFRP) composites. Accelerated diffusion testing was carried out by immersion at 50°C constant temperature and 70 bar hydrostatic pressure to study the effects of fresh or sea water diffusion into pre-preg CFRP laminates. Consequently the composite laminates were tested in bending after 1 and 3 months' immersion. A threedimensional finite element analysis (FEA) model was developed to couple the moisture diffusion, hygrothermal expansion and bending. Optical and field emission scanning electronic microscope (SEM) were employed to analyse the failure mechanisms of CFRP composites in bending after immersion. The study showed that the mechanical properties are significantly reduced after short term immersion due to the edge effects, while the damage to the fibre/polymer interface becomes more significant to laminate degradation after longerterm immersion.
Introduction
Due to their high stiffness and strength to weight ratios, carbon fibre reinforced polymer (CFRP) composites have been widely recognized as potential candidates for many key structures in offshore applications, including renewable energy (wind and current turbines) and naval structures (hulls, masts and propeller shafts) [1, 2] . In such industries, the mechanical structure is designed to have a service life of several decades. Therefore environmental issues should be taken into account in the evaluation of their suitability.
In the marine environment, composites are subjected to moisture and hydrostatic pressure. These environmental conditions have important effects on the polymer matrix in particular, while the fibres are typically not affected as much by moisture or pressure; swelling or contraction of the polymer matrix is resisted by the fibre so that residual (hygrothermal) stress develops in composites [3] . The increase of moisture content may not only cause a gradual reduction of the glass transition temperature, which is often a critical selection factor [4] , but also change the stress distribution in the composite laminate. Since the moisture diffusion is time dependant, the hygrothermal stress should be investigated in the time domain. However, few publications of these topics have been found in the literature.
Moisture diffusion in isotropic material, such as pure polymer, is governed by Fick's first and second laws [5] . However, many previous publications, e.g. [6] [7] [8] [9] , have shown that moisture diffusion in polymer-based composites also follow Fick's laws. According to these previous studies, temperature does not change the saturated moisture content but accelerates the process of diffusion. Shen and Springer [6] pointed out that, for many polymer composites, the temperature distribution approaches equilibrium about one millions times faster than the moisture concentration. Therefore, the short time scale fluctuations in temperature can be neglected compared to the effects of the variation of moisture content.
Previous experimental observations [6, 10] have demonstrated that, for polymer composites, the expansion induced by moisture absorption is generally a linear function of moisture content if the moisture content is less than 2%. This relation is normally used to determinate the coefficient of hygrothermal expansion (CHE) in a unidirectional lamina, and classical laminate theory (CLT) can be employed to calculate the CHE at the laminate level [3] . Since the moisture distribution inside composites is non-uniform throughout any given ply, CLT is unlikely to predict the hygrothermal expansion and the associated stresses for a laminate with a complicated lay-up. The effects of hygrothermal stress on the mechanical properties of laminated composites appear not to have been investigated sufficiently.
The aim of the present work is to investigate the impact of hygrothermal stress on the failure mechanisms of composite materials in bending, by means of experimental and numerical approaches. Fresh water (tap water) and sea water were used for the diffusion test to investigate the effect of NaCl on the degradation of composite properties. A hydrostatic apparatus was used to provide constant 70 bar pressure (equivalent to a water depth of 700 m). In order to accelerate the diffusion process, all the three chambers were placed in an oven at a constant temperature of 50°C. After soaking the samples for one and three months respectively, both the interlaminar shear strength and flexural strength were measured and compared with that of un-soaked samples. A 3D FEA model was developed to simulate the moisture diffusion, hygrothermal expansion and the coupling of hygrothermal stress and bending. This paper uses the 'forensic' approach: the bending test was carried out until fracture and the measured critical load was input into the FEA model, then the FEA results of stress distribution were used to explain the failure mechanisms observed in the experiment. The combination of FEA modelling and experiment showed the change of hygrothermal stress after various immersion periods and the variation in composite failure modes.
Experimental methods

Material preparation
High strength carbon fibre/epoxy pre-preg (Cytec 977-2-12kHTS) was used in this study. This is a high temperature (180°C) curing toughened epoxy resin with 212°C glass transition temperature (T g ) which is formulated for autoclave moulding. The aromatic epoxide-amine network [11] is constituted of bisphenol A diglycidyl ether (DGEBA) and diaminodiphenyl sulfone (DDS) which is schemed as Fig.1 . It can be seen from Fig.1 that the DGEBA contains the hydroxyl radicals which are hydrophilic. The pre-preg was laid up on a plane moulding tool and both the pre-preg plates and moulding tool were sealed in a vacuum bag before being put into the autoclave chamber which was under 85psi (0.6MPa) pressure. Following the curing instruction in product technical data sheet [12] , a heating ramp rate of 3 o C/min was chosen, followed by 2 hours dwelling at 180 o C. The calculated fibre volume fraction was % 9 . 57  f V as described in [15] . Four typical lay-up sequences were chosen for the composite laminates (Table 1) . These four lay-ups are the simplest examples of laminates which show a range of different laminate stacking: the unidirectional (UD) and unidirectional transverse (UT) laminates are fibre and matrix dominated which show the strongest and weakest mechanical properties, while the cross-ply (CP) and angle-ply (AP) laminates present intermediate properties. The study of these four common lay-ups could provide a general view of the interplay of fibre orientation and moisture diffusion. The composite laminates were to be tested in bending following the ISO standards [13, 14] which required a nominal thickness of 2 mm. Therefore all of the laminates in present work were made up of 16 plies to satisfy the ISO standards. The two unidirectional (UD and UT) laminates were cut from the same composite plates with different cutting orientations. The cutting pattern is shown in Fig.2 . The final thickness of the manufactured plates was not identical. Possible reasons include manufacturing defects and measurement errors which have been discussed in the previous paper [15] . 
Accelerated water diffusion tests
In order to accelerate the water absorption, the chambers were placed in an oven at a constant temperature 50°C. Three chambers were used in the test, containing fresh water (tap water), sea water and sea water at 70 bar hydrostatic pressure respectively. Fig.3 shows the hydrostatic chamber which was used in the diffusion test. The hydrostatic chamber was made of stainless steel providing approximate 20 litres of cylindrical space, and the pressure was applied through the hose by a hydraulic pump. The specimens were constrained and separated by breathing nylon cloth before being immersed. The sea water was collected from the Atlantic Ocean near Plymouth harbour, and the water was refreshed every month during the tests. The salinity of the sea water was various by seasons and depth, and the values were in range of 3.4%-3.5% in weight. The salinity was similar with the open literatures so that the chemical composition can be referred to the ASTM D1141 [16] .
The composite laminates were immersed into the three chambers for the diffusion test. Following the ASTM D5229 [17] , the specimens were taken out at intervals to measure the moisture content and hygrothermal expansion. Before being immersed into the water, all of the specimens were oven-dried at 70°C for 48 hours. The moisture content was measured by a weight scale with 0.01 mg accuracy, while the dimension was measured by a vernier calliper with 0.01 mm nominal accuracy. Because the longitudinal elastic modulus of carbon fibre is much higher than epoxy, the longitudinal hygrothermal expansion of the UD laminate is expected to be very small. Indeed, the measured values of the CP and AP laminates were also smaller than the accuracy of vernier calliper, and hence only the specimen with a very long width w (UT laminate) could provide measureable expansion. The increase of hygrothermal expansion as a function of moisture content is shown in Fig. 4 . It can be seen from the figure that the hygrothermal expansion of the 'SP specimen' showed a smaller value compared with 'Tap specimen'. 
Bending tests
The moisture content in composite laminates was saturated after 3-months of water immersion. In order to investigate the environmental effects on the mechanical properties in time domain, bending tests were carried out after 1-month and 3-months of water immersion. The experiments were conducted using 3-point bending according to the ISO standards [13, 14] . Typical loading force and displacement curves for the UD/UT/CP laminates in both dry and 3-M SP conditions are plot in Fig.5 . The zigzag aspect can be seen in the curves of UD and CP laminates in dry condition; however the specimens showed a sudden break after immersion. According to ISO 14130 [13] , the interlaminar shear strength can be determined by the maximum loading max F and the specimen dimension (width 'w' and height 'h'), Table 3 ) were calculated. Please note that properties at 0-Month were measured prior to immersion so that they are independent of medium. So are the theoretical calculations. Table 3 Bending test results and their Standard Deviations (SDs) Table 4 .
Because the deflections of the UD/UT laminates were close to the 'large-deflection criterion' (10%) and the deflection of CP laminate had exceeded the criterion, the flexural strength was then calculated by the 'large-deflection correction' [14] ,
The gradual degradation of interlaminar shear strength showed a similar trend with the work of Ryan et al [18] whose specimens contained the same epoxy system.
3D FEA modelling of diffusion and bending
Moisture diffusion and hygrothermal expansion
It can be seen from Table 2 that the moisture diffusivity in the fibre direction is different from that in the transverse direction, so are the mechanical properties (elastic modulus, shear modulus and Poisson's ratio). Based on this orthotropic assumption, a 3D FEA model can be built using a rotated coordinate system to define the material properties of the off-axis plies,
where x and y are the original variables, X and Y are the transformed variables in the rotated (θ) coordinate system. The geometry and lay-up sequence of each group of laminates has been defined in Table 1 .
In the experiments, the specimen was immersed into water, so all of the surfaces could be defined as being at the saturated moisture concentration. The saturated moisture concentration can be calculated by Once the moisture distribution is solved, the associated strain can be calculated from the coefficient of hygrothermal expansion (  ). Because the moisture absorption has no effect on the fibre, the 'rule of mixture' should be used [3] , and the principal CHE values at the lamina level can be calculated by
For many epoxy matrices, the m  value is of the order of 0.32 [19] , which is used in the present FEA model. Classical Laminate Theory (CLT) can be used to predict hygrothermal expansion in the off-axis laminates. Applying the 3D version of the transformation matrix into the CHE vector gives 
Substituting equation (4) into the 3D version of CLT, the apparent CHE of laminate can be evaluated by equation (5) as described in [3] ,
where a is the 'a' block of the 'abbd' matrix; ply. The 3D CLT formulae were solved by MATLAB [20] .
The FEA solution gives the distribution of moisture concentration in 3D. Integration should be carried out to obtain the moisture content, and then hygrothermal expansion can be calculated by multiplying the coefficient of hygrothermal expansion with moisture content. Considering the inverse form of equation (2) The elastic properties are then introduced to calculate the hygrothermal stresses. The mechanical properties and diffusion properties used in the FEA model are shown in Table 4 . 
Hygrothermal stress coupled with bending
Due to the development of hygrothermal stresses after water absorption, the flexural stresses re-distribute when the composite laminates are subjected to bending. Therefore, the hygrothermal expansion was introduced as the initial strain in the mechanical model, and the diffusion/expansion were solved simultaneously. Since the diffusion (as well as the expansion) is time dependent, the mechanical model was solved in time domain, although the applied load was static.
The geometries used in the FEA models were the same as the test condition, and the maximum static loads evaluated in dry condition were applied in the mechanical model. The flexural strengths were investigated by long beam method [14] , while the interlaminar shear stresses were investigated by short beam method [13] . Fig.7 shows the schematics of FEA model. Reis' study [21] on the 3-point bending modelling reported the compressive broken of longitudinal fibre at the loading point when the contact was considered in the FEA model. The authors' previous paper [15] presented similar failure mechanism using sinusoidal distributions instead of contact condition shown in Fig.7 , in order to minimise the stress concentration at the loading and support fixtures. The setup of the mechanical models and the mesh quality control have been presented previously [15] . Table 5 shows the dimensions and loading forces for different groups of coupons. The height of specimen was adjusted to the 0.13mm for UD and 0.12 for CP/AP laminates in order to compensate the consistence of each ply. Once the FEA models were set up, the moisture distribution and the induced hygrothermal expansion inside laminate were investigated. The process of diffusion is very slow so that the moisture distribution varies in spatial and time domains. Additionally, the computing time (or DOFs) increased exponentially when the coupling term was introduced. Therefore, only 90 days of immersion were investigated. The FEA models were solved by COMSOL Multiphysics [22] .
Results and discussions
Moisture diffusion and hygrothermal expansion
After 3-months accelerated water absorption, all of the specimens had become saturated. Because the fibres do not absorb the moisture, the saturation is mainly dependent on the matrix and the fibre volume fraction. It has been known that the saturation and diffusivity are various for different polymer system. The typical saturation of polymer is epoxy 1.5% [12] , vinyl ester 1.5% [23] , polyester 1.5% [24] , polyimide 4.4% [25] and PEEK 0.5% [26] . The diffusion test results of Ryan et al [18] gave a similar nominal saturation with the present work. Fig.8 shows the water absorption in UD, UT, CP and AP laminates vs. square root (time). It can be seen that, within each lay-up, the saturated moisture content and the moisture diffusivity do not show noticeable differences between the sea water and tap water medium. However the higher pressure induces a larger saturation in all four lay-ups. In the present case of 70 bar hydrostatic pressure, the saturation is 5% larger than that at ambient pressure. The
in the high pressure case is also larger. However, by substituting the diffusion slope and saturation into Equation (A2), it is found that the moisture diffusivity in the high pressure environment is the same as the normal pressure, as shown in Table 2 .
The CP/AP laminates were cut from one composite plate, while the UD/UT laminates were cut from another plate. Therefore, the CP/AP laminates show similar results, as well as the UD/UT laminates. The calculated moisture diffusivities of the four lay-ups are shown in Table 2 . Although the longitudinal and transverse diffusivities show apparently different values, as shown in Table 2 , the FEA modelling presented a smooth distribution of moisture concentration throughout the whole laminate with both complex lay-up (such as AP and CP laminates) and simple lay-up (such as UD and UT laminates). This is because the moisture diffusion is time dependent and the procedure is very slow. Fig.9 shows the FEA result for moisture distribution within an AP short beam laminate in slice-view after one month water immersion indicating different depth of water penetration in longitudinal and transverse. It can be seen that the moisture concentration distributed smoothly in the slice-section of xzplane and yz-plane. Specifically, the moisture distribution through-thickness was extracted to analyse the effect of the longitudinal and transverse diffusivities, as shown in Fig.10 . Fig.10 shows the moisture distribution on the mid-line of the AP laminate in the time domain, which indicates smooth distribution through-thickness regardless of the ply-orientation at different times. It can also be seen that the saturation occurs after 90 days of immersion. Substituting the saturated concentration, CHE and composite density in Equation (6) 
In order to compare with this reference value, the hygrothermal strains of three types of laminates were extracted from the FEA simulations. Since the specimen was under free expansion induced by hygrothermal effects, the apparent normal strains can be extracted from the average normal displacements on the surfaces, In the FEA model, the concentration on all surfaces was constant during the entire diffusion process. The hygrothermal stresses were induced in 'free edge' region at the very beginning, and then the stresses propagated inside the specimen following the moisture diffusion. Fig.12 shows the through-thickness distribution of interlaminar shear stress ( 13  ) within the AP short beam laminate after one month's diffusion. It can be seen that the interlaminar shear stress induced by hygrothermal expansion could be as high as the 20% of the interlaminar shear strength (as shown in Fig.6 ). This high value of stress might induce the stress re-distribution when the laminate is subjected to mechanical loading. However, this induced interlaminar shear stress only appeared at the interfaces of plies and decayed rapidly inside the laminate and finally converged to zero in the centre. The coupling of the hygrothermal stress with bending will be discussed in the next section. Such a strong 'free edge' effect can also be found in the CP laminate. Fig.13 shows the surface plot of interlaminar shear stress 13  in the CP short beam laminate. Compared with the interlaminar shear strength measured in dry condition, this induced stress 13  was so high that it could not be neglected in the context of fracture or fatigue initiation. Additionally, this induced shear stress 13  would reduce the measured interlaminar shear strength significantly, as shown in Fig.6 . The FEA model introduced this hygrothermal expansion as the initial strain. When the bending condition was applied, this effect would be coupled with the bending stress leading to stress re-distribution. Due to the small deformation in FEA model, the diffusion and expansion could be considered as a one-way coupling problem: the effect of structural deformation on moisture diffusion was not considered in FEA model. Therefore, the time dependent diffusion was the same as the case without bending. On the other hand, the hygrothermal stresses shown in the case of 'free expansion' were coupled with the bending stresses. Fig.14 shows the time dependent distribution of transverse normal stress in CP short beam laminate. With the increase of moisture content in laminate, the hygrothermal stress showed an increasing trend with the concentration. [15] ), the coupling had no effect on the maximum value of 13  . However, the stress was asymmetric about the midplane, and the positions of peaks shifted to the bottom side. Fig.16 gives a typical failure image of AP laminate from a bending test. The sample was immersed for one month in tap water. Compared with the dry condition, more cracks were found on the bottom side and the cracks propagated a longer distance inside the laminate. However, the interlaminar shear strength of the AP laminate showed a small variation due to the water immersion. Fig .6 has shown the measured ILSS after three kinds of water immersion. The samples were taken out of the chambers for bending test after 1 month or 3 months' immersion. The AP laminate showed a consistent value of ILSS for all the immersion conditions, and no degradation of this property was found. However, it showed quite a different failure mode from the dry condition, due to the hygrothermal expansion. Withstanding the same level of bending load, the AP laminate presented much larger cracks after water immersion, and more cracks appeared on the bottom side, as shown in Fig.16 . This is because the peak values of interlaminar shear stress shift to the bottom side, which has been shown in the FEA results in Fig.15 .
The ILSS of the CP laminate showed a sharp reduction (20%) after 1 month immersion and a slight increase after 3 months immersion. However, regardless of the three kinds of medium, the ILSS of CP laminate remained at the same level with respect to immersion time (0/1/3 month), which is similar to the UD and AP laminates.
The ILSS of the UD laminate showed a gradual decrease from 1 month to 3 months water absorption, but no significant difference among the three kinds of medium was observed. It was found that, compared with the interlaminar failure in dry condition, the UD laminate failed by the plastic deformation after water absorption. Fig.17 shows a typical failure image of UD short beam laminate. The laminate shown in Figure 17b was immersed in sea water for 1 month before being tested in bending. A large number of micro cracks were found in the optical microscope image. 
Flexural stress and modulus
According to the previous 3D FEA study [15] , the UD laminate failed by compression in bending condition, and the flexural strength was the same as the laminate compressive strength in uniaxial compression. If the thermal residual stress is taken into account, the composite laminate was subjected to initial compression in the dry condition. When the composite laminates were immersed, the hygrothermal expansion should relax the thermal residual stress. As a consequence, the UD laminate showed a relative higher flexural strength in bending after moisture absorption. Fig.18 shows the normalized flexural strength of CP/UD/UT laminates in three kinds of water immersions. The flexural strength of UD laminate showed a 5%-10% increase (of the order of 100 MPa) compared to that in dry condition.
Although many researchers have investigated the degradation of the moisture ingress, most of them have focused on either tension or compression. Some researchers had reported that the tensile strength showed gradual decrease with increasing immersion time [4, 18, 27] . In bending, composite laminates are subjected to tension, compression and shear, which is quite different from the uniaxial tension and compression. Therefore, bending test represents more general condition, and the change of stress distribution contributed significantly to the failure mechanisms. On the other hand, the flexural strength of UT laminate showed a dramatic decrease after moisture diffusion, while the CP laminate retained the flexural strength of the dry condition.
Since the failure mechanism of UT laminate was matrix dominated, the flexural strength was strongly dependent on the bonded interface between matrix and fibre. stiffer when the water molecules diffuse inside the long molecular chain of polymer. The chemical structure of epoxy resin was shown in Fig.1 . Due to the competition of sulfone bridge, the electron density of nitrogen-carbon bond between DDS and DGEBA is relatively low which leads to water resistance of DDS unit [28] . According to reference [29] , the propagation rate constant for hydrocarbon oxidation in propanol unit is higher than the one in isopropyledene unit, which means that the hydroxyl radical in DGEBA exhibits relatively more hydrophilic. As a consequence, the water molecular was mainly absorbed by the subbranch (OH-) of DGEBA which had no effect on strength of the cross-link network but might slightly enhance the stiffness of the resin. Therefore, the decrease of strength observed in UT laminate might be caused by the degradation of fibre/matrix interface which will be discussed in section 4.5.
Scanning eletronic microscopy (SEM) was used to examine the interface of fibre/epoxy at the fracture surface. The fracture debris was taken from UT laminate, and dry/tap/sea conditions were examined. The samples were coated with gold/paladium before being examined in SEM. Fig.20-22 show the particular fracture surfaces of the three conditions. There are two magnifications in each figure, 500 times and 4000 times. Fig.20 illustrates the transverse fracture surface within a dry condition UT sample. The epoxy was still attached to the carbon fibre, so that the fractured polymer showed a tough wave-like morphology. Without water ingression, the epoxy provided adequate adhesion to the carbon fibre, and the failure mode tended to be the tensile fracture of epoxy rather than the debonding of fibre/epoxy interphase. Fig.21 and Fig.22 show similar characters of transverse fracture surface of tap water and sea water conditions. At a lower magnification, it can be seen in Fig.21 that the epoxy became porous; however the wave-like morphology was still observed which indicates that the failure mode was the tensile fracture of epoxy. At a higher magnification in Fig.22 , the carbon fibre showed sections of bare surface which indicates that the adhesion of epoxy on carbon fibre had deteriorated after water absorption.
It should be noted that the SEM could only examine a local area under a relative high magnification. It was found that, in sea water condition, the number of bare fibres was higher than the tap water condition. Therefore, it is reasonable to believe that the degradation in sea water is more severe in long term exposure. 
Conclusions
Composite structures exposed in marine environment are subjected to many aspects, among which this paper has investigated the effects of water immersions on the CFRP composites. A robust 3D FEA model has been developed to analyse the hygrothermal effects. The experimental results showed a good agreement with the FEA solutions, which has also been validated by CLT calculation. Some findings are concluded according to the study:
a) The moisture diffusivity in the Tap/Sea/SP water immersions showed negligible difference at the same temperature. Although the longitudinal moisture diffusivity presented a much higher value than the transverse diffusivity (60% in this study), the moisture diffusion in composite laminates showed a smooth distribution through thickness regardless of ply orientation. b) Hygrothermal stresses could be induced at the very beginning of diffusion, and these stresses mainly appeared at the edge region (edge effect) which means that the laminate lay-up becomes a critical issue for the exposed surfaces. For interlaminar shear stress, the induced hygrothermal stress could be as high as 20% of the strength. Therefore, in the design of marine composites, it is desirable to avoid complicated lay-ups at the connection region of composite joints or notches in order to improve the fatigue properties.
c) The water absorption had no significant effects on the strength of DGEBA-DDS crosslink system (i.e. 977-2 epoxy resin). However, the composite strength was reduced significantly due to the degradation of fibre/matrix interface, and it was observed that the degradation of interface in sea water was more significant than in fresh water. d) The SEM analysis has shown a variety of matrix fracture morphologies and the degradation of fibre/matrix interface increases the risk of interface debonding in CFRP composites in simulated marine environment.
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